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AzimuthVariationin MicrowaveScatterometerand
RadiometerDataOverAntarctica
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Abstract— While designedfor oceanobservation, scatterometer and ra-
diometer data have proven very useful in a variety of cryosphere studies.
Over large regionsof Antarctica, ice sheetand bedrock topography and
the snow deposition,drift, and erosionalenvironment combine to produce
roughnesson various scales. Roughnessranges fr om broad, basin scale
ice-sheettopography at � 100 km wavelengths, to large spatially coher-
ent dune fields at � 10 km wavelengths,to erosional featureson the meter
scaleknown as sastrugi. Theseroughnessscalesinfluence the microwave
backscatteringand emissionpropertiesof the surface,combining to intr o-
duce azimuth-angledependenciesin the satellite observation data. In this
paper we explore the useof NSCAT data, ERS AMI scatterometer mode
data, and SSM/I data to study surfaceroughnesseffectsin Antarctica. All
threesensorsprovide strong evidenceof azimuth modulation which is cor-
related with the surface slope environment and resulting katabatic wind
flow regime.Dueto its broadazimuth coverage,NSCAT data appearsto be
the bestsuited for azimuth-angleobservations. A simple empirical model
for the azimuth variation in the radar backscatter is developedand an al-
gorithm for computing the parametersof the model fr om NSCAT data at
a fine scaleis presented.Resultsindicate relationshipsexit betweenthe az-
imuthal variation of the data and the orientation of the surface slopeand
small-scaleroughnessrelative to the sensorlook direction.

Keywords— radar, radiometer, scatterometer, ice sheet, azimuthal
anisotropy, surfaceroughness,sastrugi,backscattering,emissitivity.

I . INTRODUCTION

IND scatterometersaredesignedto measurethenormal-
izedradarcrosssection(σo) of theocean’ssurfacefrom

which thenear-surfacewind over theoceanis inferredwith the
aid of a geophysicalmodel function [25]. Scatterometerdata
are also beingexploited in studiesof polar ice (e.g. [6], [7],
[15], [23], [31], [41], [42]). Microwave radiometerssuchas
theSpecialSensorMicrowave/Imager(SSM/I) [13] have broad
applicationin atmosphericremotesensingover the oceanand
provide essentialinputsto numericalweatherpredictionmod-
els. SSM/I datahasalsobeenusedfor mappingpolar ice (e.g.,
[38], [43], [44]). Both scatterometersandradiometersprovide
frequent,globalcoverage.

Overtheocean,theazimuthvariationsin σo in thescatterom-
etermeasurementsareusedto infer thenear-surfacevectorwind
(see[25]) which generatesthe surfacewaves causingthe az-
imuth modulation.Over theAntarcticice sheetwind-generated
roughnessandsnowlaying combineto producean anisotropic
response.Radiative cooling of surfaceair massesover the in-
terior ice sheetcausesnegative buoyancy and the air to sink
downslope. The shapeof the Antarctic ice sheetimposesa
strongtopographiccontrolonthedrainageof theseairmassesas
they flow outward towardsthecoastalmargins. Nearthecoast
winds arefunneledby the local terrain into confluencezones,
wherethe strongestwind speedsandpersistenceare recorded

ManuscriptreceivedMonthday, 1999;revisedmonthday, 1999.
D. Long is with the Electrical and Computer EngineeringDepartment,

BrighamYoungUniversity, Provo, UT 84602USA. E-mail: long@ee.byu.edu.
Mark Drinkwateris with theJetPropulsionLaboratory, Pasadena,CA. Email:

m.drinkwater@jpl.nasa.gov.

[27]. Antarctic ice sheetsurfacewinds canmaintainapproxi-
matelythesamespeedanddirectionfor weeksat a time, mak-
ing themthe mostpersistentwinds on Earth[26]. Thuswind-
inducedroughnessexhibits considerablylesstemporalvariabil-
ity in direction than oceanwinds on timescalesof days[26],
[27]. As a result,sastrugiandsnow drifts form alignedwith the
wind direction. Their roughnessis regionally dependentupon
boththeshapeof theicesheetdirectingtheflow andvariability
in themagnitudeof thewind vector. Sucherosionalanddepo-
sitional featuresarebelieved to be the dominantsourceof the
previously observed azimuthvariationin σo [31]. Becauseof
thispersistencein thesewindsweassumethattheazimuthmod-
ulationis stableoveraseveraldayperiod,therebypermittingus
to combinemultiplepassesin thisanalysis.

In this paperwe considerdatafrom the NASA scatterome-
ter (NSCAT) [25], flown on the JapaneseAdvancedEarthOb-
servation Satellite(ADEOS-1), the Wind Scatterometermode
(hereafterEscat)of theAdvancedMicrowaveInstrument(AMI)
flown ontheEuropeanRemoteSensing(ERS)satellites[1], and
SSM/I datato study the microwave responseover Antarctica.
Weexaminemeasurementsof σo andTb with respectto the‘rel-
ative azimuthangle,’ (i.e. thepointingangleof theantennarel-
ative to north – seeFigs. 1 and2) reportedby the sensorfor
eachmeasurement.Westudytheimpactwhichtheamplitudeof
themodulationhasuponotherapplicationsof thisdatato global
changestudies,and usethe directionaldependencein the re-
gionalmodulationandattemptto mapthedistributionof aligned
surfaceroughnessfeatures.Thegoalof thepresentpaperis to
extendthesemi-empiricalanalysisof [31] to theentireAntarc-
tic ice sheet. We exploit the broadspatialcoverageavailable
with NSCAT, incorporatingadditionalinformationfrom Escat,
andalsoevaluatethecorrespondingazimuthvariationsin SSM/I
brightnesstemperatures.Couplingobservationsfrom eachof
thesesensorscanshedlight on the scattering/emissionmecha-
nismsof thefirn andpermitextractionof key surfaceandsubsur-
facepropertieswith theaid of inversemodeling.Further, since
scatterometerandradiometerdatarepresentthe longesttempo-
ral, globalmicrowavedatasets,they areincreasinglybeingused
asabaselinein globalchangestudies.An understandingof their
regional azimuthaltendenciesis importantsincesamplingand
analysisproceduresmayotherwiseconfuseazimuthmodulation
with geophysicalchangestakingplaceat theicesheetsurface.

After consideringrelevantbackgroundin Section2, thestudy
methodologyis describedin Section3. Section4 presentskey
resultsanda summarydiscussionis providedin Section5. Fi-
nally, conclusionsarepresentedin Section6.
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Fig. 1. Illustrationof theazimuthmeasurementgeometryfor SSM/I,NSCAT, andEscat.
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Fig. 2. Figure illustrating the relationshipbetweenthe azimuthviewing ge-
ometry, the local slope,andthe incidenceanglefor a small surfacepatch.
Symbols:θi is the incidenceanglefor a flat surface,θs is the local slope,
θe � θi � θs is theeffective incidenceangle,φi is theazimuthlook direction,
φs is thelocal slopedirection,andφr is theangleof theazimuthroughness,
all relative to north.

I I . BACKGROUND

Before describingour researchmethodology, we provide a
brief background,includinganoverview of previouswork and
a discussionof the imageresolutionenhancementmethodem-
ployed.Theimpactof theazimuthmeasurementgeometrywith
respectto theicesheetis alsoreviewed.

A. Previous Studies

A previous study [31] with SeasatScatterometer(SASS)
datahasdemonstratedclearazimuthdependencein Ku-bandσo

overselectedareasof easternAntarctica,attributedprimarily to
wind-inducedsnow drifts, or sastrugi.This samestudyexam-
ined ScanningMultichannelMicrowave Radiometerdatafrom
Nimbus-7to studysurfaceversusvolumescattering.However,
azimuthvariationsin thebackscatterwerenot considered.Pre-
viousstudieshaveidentified[32], examined[16], [14], andchar-
acterized[28] azimuthvariationsin Antarcticfirn usingSASS,
andEscatdata.Otherinvestigators[34], [32] alsousedpassive
microwaveradiometerdatain studiesof theincidence-anglede-
pendentmicrowave response.In particular, Rackextendedthe
analysisof scatterometerazimuthalmodulationsbyemployinga

simpleempiricalmodelof theazimuthalvariability [28]. More
recently, HylandandYoung[14] exploited thesameapproach,
with the inclusionof an error term accountingfor ambiguities
presentin fitting to relatively poorly characterizedazimuthal
variability in Escatdata. However, neitherstudy attemptsto
draw the distinctionbetweenlocal slope-inducedmodulations
in backscatter, directionallyorientedroughnesseffects,or the
combinationof the two. This studyextendsthis work andpro-
vides additional characterizationof the local incidence-angle
influenceuponthe magnitudeof the azimuthmodulations,to-
getherwith a more comprehensive model which accountsfor
necessaryfirst andsecondorder terms,dueto local slopeand
azimutheffectsrespectively.

B. Resolution Enhancement

The low spatialresolution(25-50km) of scatterometersand
radiometersis suitablefor studyinglarge-scaleoceanphenom-
ena. However, for somelandandice studies,the low intrinsic
resolutioncanlimit theutility of thedata.To amelioratethislim-
itation resolutionenhancementalgorithmscanbeapplied.The
ScatterometerImageReconstruction(SIR) algorithmwasorig-
inally developedfor SASSdata[24] andhasbeensuccessfully
appliedto NSCAT data[20], [30] andEscatdata[7], [18]. It
hasalso beenadaptedfor SSM/I data[19]. Using SIR, mul-
tiple passescanbe combinedto producedenhancedresolution
imagesof the radarbackscatterpropertiesandbrightnesstem-
peratures.

Becausescatterometersmake measurementsover a rangeof
incidenceangles,theincidenceangledependenceof σo mustbe
accountedfor. Over a limited incidenceanglerangeof [20� ,
55� ], σo (in dB) is approximatelya linearfunctionof θ,

σo � θ ��� A � B � θ  40� � (1)

where! and" arefunctionsof surfacecharacteristics,azimuth
angle,andpolarization.! is theσo valueat40� (mid swath)in-
cidenceangleand " describesthedependenceof σo on θ. For
scatterometerdatathe SIR algorithmproduces! and " im-
agesfrom multiple passesof σo measurements.The ! and "
dataprovideglobal imagesof themeanradarbackscatterprop-
ertiesof thesurfaceovertheimagingperiod.Thescatterometer-
derived backscatterpropertiescan then be relatedto ice and
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Fig. 3. SSM/I-,NSCAT-, andEscat-derived imagesof Antarcticaproducedwith theaidof theSIRalgorithmfrom six daysof data(JD277-282).(a)Tb at 19GHz
V pol. (b) Tb at19 GHzH pol. (c) Tb at 37GHzV pol. (d) Tb at 37GHzH pol. (e) # at 14GHzV pol (f) $ at 14GHzV pol. (g) # at 5.3GHz V pol (g) $ at
5.3GHz V pol. NSCAT 14 GHz H pol # and $ imagesarenot shown. TheNSCAT 4.45km pixel resolutionhasbeenaverageddown to 8.9km resolutionto
matchtheSSM/IandEscatimagepixel resolution.

snow characteristicsto studytheseasonalevolutionof polarice
regions.

UsingtheSIRF(SIR with filtering) algorithm,dualpolariza-
tion ! and " imageswith aneffective resolutionof 8-10km
in the polar regionscanbe generatedwith six daysof NSCAT
data. NSCAT V pol imagescan be producedwith only three
daysof dataor lesssincetherearemoreV pol antennabeams
thanH pol beams.However, for moststudiessix daysareused
to ensurethattheH pol dataprovidesenoughcoverageto create
reconstructedimages.SincetheV pol imagesarereconstructed
with moremeasurements,the qualitiesof the V pol ! and "
imagesaresuperiorto thecorrespondingH pol images.Applied
to six daysof Escatdatain thepolarregions,theSIRalgorithm
producesC-band! and " imageswith aneffective resolution
of 25-30km fromthenominally50km resolutionmeasurements
[18]. The resolutionimprovementfor Escatis limited by the
spatialresamplingfilter appliedto theEscatdata.

Applied to radiometerdata,SIR providesenhancedresolu-
tion imagesof brightnesstemperaturebasedon surfaceemis-
sion, modifiedby the interveningatmosphere.The frequency
andpolarizationdependentemissioncanbe relatedto thegeo-
physicalcharacteristicsof the firn and ice characteristics(see,
for example,[38]). Thevaryingresolutionof theSSM/I chan-
nels,coupledwith their low resolution,canbe a limiting fac-
tor in the applicationof the datato snow and ice studiesand
hasleadto interestin SSM/I resolutionenhancementalgorithms
[10], [19], [33], [35], [37]. TheSSM/I versionof theSIR algo-
rithm providessimilarenhancementperformanceto theBackus-
Gilbertalgorithmwith reducedcomputation[19]. Further, it can
be usedin combiningmultiple passes.While SIR canbeused
with asinglepassonradiometerdata,to becompatiblewith the
scatterometerdata,a six day time period is usedto createthe
imagespresentedbelow. Eachchannelis consideredseparately.
Theresultingimagesrepresenttheaveragebrightnesstempera-
ture over the imagingperiod. While seven channelsof SSM/I

arecollectedatvaryingfrequency andpolarizations,only the19
and37 GHz channelsareusedin this study. SSM/I measure-
mentsaremadeata nominalincidenceangleof 51� .

By applyingtheresolutionenhancementalgorithmto thedata
from eachsensor, imagesof compatibleresolutionarecreated
on an identicalgrid. This simplifiescomparisonbetweensen-
sors. Imagesamplesfor eachimagetypefrom eachsensorare
shown in Fig. 3.

C. Azimuth Observation Geometry

The characteristicsof eachof sensorprovide uniqueoppor-
tunitiesandchallengesto anazimuth-anglestudyof Antarctica.
For example,the Escatorbit, optimizedfor oceanobservation,
and its right-looking, single-sidedswath limits the southern-
mostextentof Escatdatato 79% 5� S.NSCAT data,with its dual-
sidedswath,coversAntarcticato within 1 % 2� of thepole,while
the SSM/I swath dataprovidescomparablecoverageto within
2� of the pole. In Fig. 2 we definethe “azimuthangle”asthe
anglemeasuredclockwisefrom the meridianpassingthrough
the surfaceobservation to a horizontally-projectedline drawn
alongtheboresightof theinstantaneousfield of view duringcell
measurement.This definitionappliesequallyto thescatterom-
eteror radiometerobservations. Figure2 alsodefinesazimuth
angleswhich indicatetheorientationof the local slopenormal
andthe azimuthalorientationof sastrugi.For later discussion,
theazimuthdirection(theazimuthangleof theprojectionof the
surfacenormalontoa planelocally tangentto thegeoid)is de-
notedφs. Theazimuthorientationof surfacecorrugationssuch
assastrugiis denotedφr.

Figure 1 illustratesthe relative azimuthgeometriesof each
of the sensorsusedin this study. NSCAT andEscatuseboth
forward-andaft-lookingantennasto make observationsof the
samepoint within the measurementswath at multiple azimuth
angles.However, sincetheSSM/I is a forward-lookingonly in-
strument,it is capableof only a limited rangeof azimuthangle
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observationsof a givenpoint on the earth. For all the sensors,
over a multiple-dayperiod,dependingon the locationandde-
tailsof theorbit geometry, agivenareais observedseveraltimes
atdifferentgeometriesdueto theshift in thegroundtrackof the
orbit with time. While SSM/Imeasurementsaremadeatonly a
singleincidenceangle,thescatterometersmeasurementsspana
rangeof incidenceangles;hence,asnotedpreviously, thevari-
ationin thebackscatterwith incidenceanglemustbeaccounted
for.

For a givenpoint of theearth’s surface,theantennaazimuth
geometriesof NSCAT andEscatgenerallyresult in a discrete
set of azimuthangle observations. This is becausemultiple
antennasat variousazimuthanglesareusedto make the mea-
surements.Eachdiscreteazimuthsamplingis thustheresultof
measurementsfrom a distinct beamon a specificreferenceor-
bit. Typically, eachbeamobservesthe studyareaonceon an
ascending(north-bound)orbit passandagainon a descending
(south-bound)orbit passover thearea,resultingin two different
relative azimuthanglesdueto the angleof the orbit passwith
respectto theground.For NSCAT, therearesix V pol antenna
azimuthangles(threeon eachside),resultingin 12 differentV
pol azimuthobservations,but only asingleH pol beamperside,
resultingin 4 differentH pol azimuthobservations. Escathas
only threebeamson a singlesideof the spacecraftandthusa
maximumof 6 discreteazimuthanglesmeasuredon both as-
cendinganddescendingpasses.In practice,thesymmetricge-
ometryof theEscatantennas,coupledwith theorbit geometry
with respectto the Antarctic ice sheet,reducesthe numberof
uniqueazimuthangleobservationsto somewhat lessthanthis.
For all sensorstherangeof azimuthanglesvarieswith Antarctic
locationdueto thecombinationof orbit andswathgeometries.

I I I . ANALYSIS METHODOLOGY

The goal of this paper is to examine the azimuth depen-
denceof themicrowavesignatureof Antarcticausingdatafrom
NSCAT, Escat,andSSM/I. Couplingall of theseobservations
canshedlight onthescattering/emissionmechanismsof thefirn
andpermit extractionof key surfaceandsubsurfaceproperties
with theaidof inversemodeling.

The generalapproachemployed in this study is to generate
imagesof scatterometer! and " andradiometerTb and,with
the aid of theseimagesfirst to selecta limited setof studyre-
gionsto evaluatethe azimuthmodulationof the measuredpa-
rameters.We thendevelopanempiricalmodelfor theazimuth
modulationanda methodto estimateparametersof the model
from NSCAT dataat enhancedresolution.Resultingfitted pa-
rametersareevaluatedwith relationshipto thelocal topography
andknown katabaticwind flow patterns.

A. Sensor Images

To provideaninitial Antarctic-wideview of eachsensor’sob-
servations,the appropriateversionof the SIR algorithmis ap-
plied to datacollectedby eachsensorover thesix daystudype-
riod to generateimageson thesameprojectionandat thesame
pixel spacing.Theeffectiveresolutionsof theimagesvary, how-
ever, betweensensors.Theimagingperiodwasselectedduring
the1996Australwinter (JD277-282)to minimizeseasonaland
diurnal impact of air-temperatureforced variationsin the mi-

crowavesignatures.Theresultingcomparisonimagesareshown
in Fig. 3.

Uponexaminingtheseimages,a numberof observationscan
be made. For example,we notethe significantdifferencesbe-
tweenthebrightnesstemperatureresponsesatV andH pol,with
V-pol temperaturesconsistentlyhigherby around40-50Kat 19
GHz, and25-30K at 37 GHz. Anotherstriking featureof the
imagesis thedistinctive inverserelationshipbetweentheTb and! values:the Tb imageshave their lowestbrightnesstempera-
turevalueswherethe ! imagehasthelargestbackscattervalues.
Thisinversecorrelationin themeanbrightnesstemperaturesand
frequency-dependent backscattercoefficient is treatedin more
detailin [3], andis notconsideredfurtherhere.

9
8

5

11

2

1
10

6 7

3
4

Fig. 4. Map of thelocationsof key studyareas.

B. Study Regions

Basedonsubjectiveexaminationof theimagesin Fig.3, a to-
tal of 11studyregionsoverAntarcticawereselected(seeFig.4)
to spana varietyof surfacecharacteristics.Thestudyareasare
listedin TableI togetherwith their extent in longitudeandlati-
tude. Thelocationsandextentsof thevariousstudyareaswere
chosento spanavarietyof surfaceconditionswhile still exhibit-
ing a generallyspatiallyhomogeneousresponseasobservedin
the imagesin Fig. 3. For convenience,theexamplestudyareas
are selectedprimarily within EastAntarctica(the lower right
quadrantof theimages).

Study areas1, 7, and 10, which are locatedon the Ross
and Amery ice shelf regions (seeFig. 4), exhibit high mean
backscattervalues but also the least azimuthal anisotropy.
Thoughthis in itself is a significantfinding, thesesamplesare
not consideredany further in this paper. For illustration pur-
posesonly the following subsampleof study areasshown in
Fig. 4 areselectedfor presentation.Studyarea2 is closeto the
SouthPole(at mean3106m elevation - seeTableI), andarea
5 (73.45S100E)is in QueenMary Landat a meanelevationof
3509m (neartheold KomsomolskayaRussianstation). Study
area8 (70.55S90E) lies furtherdownslopeat 2661m (nearthe
old PionerskayaRussianstation),while areas9 (71.55S90E)
and 11 (70.25S123E) lie to the west and eastin Wilhelm II
Land (at 2826m) andWilkesLand (at 2451m), respectively.
Area 9 waschosenin particularto facilitatea comparisonbe-
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TABLE I

STUDY A
&

REAS (DEFINED BY A RECTANGULAR AREA IN LONGITUDE AND LATITUDE) AND CORRESPONDING MEAN SURFACE ALTITUDE (IN M), SLOPE (IN

M /KM) AND DIRECTION φs (IN DEG RELATIVE TO NORTH) DERIVED FROM THE DIGITAL ELEVATION MAP (DEM) DESCRIBED IN THE TEXT.

Area Lower-Left Corner Upper-RightCorner MeanDEM
Number lon lat lon lat Altitude Slope Direction

1 -166 -78.5 -176 -79.6 54 0.14 192
2 118 -86.5 75 -88 3106 1.50 179
3 131 -75.5 123 -73.5 3186 0.95 219
4 124 -75.5 117 -74.5 3210 0.73 189
5 100 -73.4 93 -74.5 3509 1.34 233
6 58 -80.5 50 -79.5 3697 1.22 119
7 73.25 -69 70 -70 52 0.65 179
8 97 -70.5 99.5 -70 2661 3.16 218
9 90 -71.5 87 -70.5 2826 3.00 158
10 -164 -81.5 -178 -80 51 0.45 181
11 123 -70.25 120 -70 2451 3.45 225

tweentheresultsof this studyandthoseof [28], while area11
hasthelargestmeanslopeof all samplesat ' 0.2degrees(3.45
m/km).

IV. RESULTS

Beginningwith a simpleexaminationof thevariationsin σo

andTb with relative azimuthanglefor eachstudyarea,we de-
velopasimpleempiricalmodelto describethevariationof these
parameterswith relative azimuthand, in the caseof the scat-
terometerdata,incidenceangle.A methodfor extractingthepa-
rametersof themodelfrom themeasurementsat the(enhanced)
resolutionof the imagesis thenpresentedandthe resultsdis-
cussed.

A. Azimuth Angle Modulation

As aninitial evaluationof thevariationin σo andTb with az-
imuth angle,SSM/I, NSCAT, and Escatdataover the sixteen
day periodbetweenJD 268 and283, 1996,wereaccumulated
for eachof the studyareas.Of the eleven studyareas,five of
them(areas2, 5, 8, 9, and11) exhibit significantazimuthmod-
ulation in the SSM/I data. The analysis,therefore,focuseson
theseareas.Scatterplots of Tb versesthe relative azimuthan-
gle (SSM/I) andσo versusrelative azimuthangle(NSCAT and
Escat)areshown below. Sinceσo is a strongfunctionof inci-
denceangle[seeEq. (1)], thescatterometerdatais dividedinto
incidenceanglebins,with separateplotsgeneratedfor eachin-
cidencebin. Bins arecenteredat 20� , 30� , 40� and50� . Only
scatterometermeasurementswith incidenceangleswithin ( 3�
of the bin centerareusedin a given bin, thusminimizing the
incidenceanglevariationof thedata.

Scatterplotsof Tb andσo versusazimuthangleareshown in
Figs.5 through6. In theseplots,measuredvaluesareshown as
grey points.Theseindividualmeasurementsarebinnedinto ( 3�
azimuthanglebins with the meanand the standarddeviation
indicatedwith adarkpointwith 1 sigmaerrorbars.

Studyarea2 (Fig. 5) exhibits themostnoticeableSSM/I az-
imuth modulationof all thestudyregions,aswell asthewidest
rangeof measurementazimuthanglesin the SSM/I datadue
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Fig. 5. Scatterplots of TB and σo versusazimuthanglefor study area2 -
a) SSM/I 19v, d) SSM/I 19h, b) SSM/I 37v, e) SSM/I 37h, and NSCAT
c) V pol, and f) H pol at 50+ incidenceangle. In this and later figures,
valuesareshown asgraydots,themeansof , 3 degreewidebinsareshown
asasterisks.The solid vertical lines indicateplus andminusonestandard
deviation aboutthemean.Scatterometerstatisticsarecomputedin dB. The
solid linesrepresentthesecondorderazimuthfit (seetext).

to its proximity to the pole. Although the NSCAT measure-
mentsspana wider azimuthanglerangethanthe SSM/I mea-
surements,azimuthalmodulationsareobservedin bothdatasets.
An NSCAT incidenceangleof 50� waschosento mostclosely
matchtheSSM/I data.Clear, azimuthalvariationis apparentin
the meanbrightnesstemperaturesof all channels,with a peak
at 220� andtroughsat 135� and315� . Both the meanTb and
the modulationdepth(peak-to-troughdifference)of Tb versus
azimuthanglevary betweenchannels.Thecomparative scatter
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Fig. 6. Escatσo measurementsat variousincidenceanglesfrom area5. Mea-
surementsarefrom , 3+ of thecentralincidenceangle.Left to right, top to
bottom,thecentralincidenceanglesare20+ , 30+ , 40+ , and50+ . Thesolid
linesrepresentthesecondorderazimuthfit (seetext).

plot of the incidenceangleNSCAT data(Escatcoveragedoes
not extendover studyarea2 sono measurementsareavailable
from this sensor)shows a weakvariationof σo versusazimuth
angle,with themeanσo higherfor V pol thanfor H pol by ' 1.5
dB.

We notethattheverticalspreadin thedataat a particularaz-
imuth anglein Fig. 5 is primarily dueto noise,with a contribu-
tion dueto spatialinhomogeneityoverthestudyregion. Careful
examinationof datarevealsthat thereis little apparentcorrela-
tion betweenlocationandparametervaluewithin a givenstudy
region. In bothNSCAT andSSM/Itheverticalspreadin thedata
is significantcomparedto the variationsin the meanparame-
tervalueversusazimuthangle.Peak-to-troughamplitudevaria-
tion in thebinnedmeansis approximately5 K and0.8dB while
thestandarddeviationsareapproximately3-4 K and0.5dB for
SSM/IandNSCAT data,respectively. Wenotethatfor therange
of azimuthangleavailable,Tb datapeaksatapproximately220�
while σo peaksatapproximately160� . As previouslynoted,this
typeof anticorrelationof activeandpassivesignatureshasbeen
previouslyobservedandis explainedin moredetail in [3].

A similarplot for studyarea5 is shown in Fig.7. Wenotethat
theSSM/I dataexhibits a smallerazimuthanglerangethanfor
studyarea2. NSCAT dataexhibits measurementsat a number
of essentiallydiscreteazimuthangles,spreadover thefull 360�
range.Bothof thesebehaviorsaretypicalof all thestudyareas,
region 2 beinganexception.SSM/I datasuggesta variationin
Tb with azimuthangle,but thelimitedazimuthanglerangeof the
measurementsmake conclusionsabouttheazimuthbehavior of
Tb speculative. On the otherhand,the NSCAT measurements
spanthefull 360� rangeandclearlyshow modulation(2  3 dB,
dependingon the polarization- seeFigs.7c,f) in the observed
Ku-bandσo asafunctionof theazimuthangle.Themorelimited
azimuthangleobservationsof the Escatdata(Fig. 76) suggest
a greatermodulationat C-band. Only from the NSCAT V pol
datacanapeakin theazimuthmodulation(atapproximately5� )
bedeterminedwith confidence.

Comparingthe generalbehavior of σo versusazimuthangle
andTb versusazimuthanglein Figs. 5 and7, we notea differ-
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Fig. 7. Scatterplots of TB andσo versusazimuthanglefor studyarea5 - a)
SSM/I 19v, d) SSM/I 19h,b) SSM/I 37v, c) SSM/I 37h,NSCAT c) V pol
and f) H pol at 50+ incidenceangle,andg) EscatV pol at 50+ incidence
angle.Thesolid linesrepresentthesecondorderazimuthfit (seetext).

encein themodulationphasei.e.,a decreasein Tb with azimuth
angleis accompaniedby an increasein σo. At presentthepre-
cisescatteringmechanismremainsunvalidated,but on thebasis
of the observed anticorrelationbetweenσo and Tb [3] the re-
gional surfaceconditionsresponsiblefor anisotropicbackscat-
tering also appearto result in modulationsin the emissivity,
andthereforetheeffectivebrightnesstemperatureof thesurface.
Thoughthemodulationdepthsandlocationsof themodulation
minima vary with studyarea,examinationof the resultsfrom
all thestudyareasyieldssimilar conclusions.As will beshown
later, thelocationsof themaximaandminimaarehighly corre-
latedwith thedirectionof thekatabaticwind.

B. Incidence Angle Dependence

Noting the dependenceof σo on incidenceangle,we inves-
tigatethe dependenceof the azimuthmodulationon incidence
anglein NSCAT and Escatdata. Thoughnot without limita-
tions,theNSCAT datais best-suitedfor this investigationsince
it spansa wide rangeof incidenceandazimuthangles:SSM/I
observationsare limited to a single incidenceangleandEscat
haslimited azimuthsampling.

Figure8 showsscatterplotsof NSCAT σo versusazimuthan-
glesfor both V andH pol observationsat incidenceanglesof
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Fig. 8. NSCAT σo versusazimuthangleat variousincidenceanglesfor study
area5 – V Pol (top four plots), H pol (bottomfour plots). Measurements
arefrom , 3+ of thecentralincidenceanglesof 20+ , 30+ , 40+ , and50+ . The
solid linesrepresentthesecondorderazimuthfit (seetext).

20� to 50� for studyregion 5. Figure6 providesa similar plot
for Escatdata. Theseplots aretypical of all the studyregions
whererelatively strongazimuthmodulationis observed. In ad-
dition to theclearvariationin themeanσo with incidenceangle,
examinationof theseplots suggeststhat the modulationdepth
variesinverselywith incidenceangle,at leastfor V pol. For
example,themodulationdepthfor NSCAT V pol variesfrom 5
dB at 20� incidencedown to 2 dB at 50� incidence.Also, there
appearsto benegligible variationin thelocationsof theminima
andmaximaof the modulationasa function of incidencean-
gle. The reducedspreadin theazimuthobservationsfor H pol
NSCAT makesinterpretationof thedatamoredifficult, but it is
assumedthatthegeneralH pol azimuthmodulationcharacteris-
tics aresimilar to V pol. A similar azimuthsamplinglimitation
occursfor Escatdata,makingit impossibleto characterizethe
modulationin the80� to 280� azimuthrange.Furthermore,the
verticalspreadin theEscatdataat a givenazimuthangleis sig-
nificant comparedto the modulationdepth,which masksany
variationwith incidenceangle.Theincreasedpenetrationof the
C-banddatamay accountfor the greatervariancein the data,
andthelackof a clearrelationshipwith incidenceangle.

A second-order(N � 2) Fourierseries(in azimuthangle,φi)

of theform,

σo � dB �]� I0 � N

∑
k ^ 1

_
Ii coskφi � Qi sinkφi ` (2)

is individually fit (in the least-squaressense)to eachof theσo

versusazimuthanglescatterplots in thesefiguresandplotted
asa solid curve. Theresultingcoefficientsfor NSCAT dataare
tabulatedin TableII for thestudyregion5 datashown in Fig. 8.
The obviousasymmetricnatureof the σo modulationwith az-
imuth anglesuggeststhatboth thefirst andsecondorderterms
in Eq. (2) arerequiredto fit the data. We notethat dueto the
reducednumberof azimuthobservations,thecoefficientsof the
second-ordertermsin Eq. (2) are significantly reducedfor H
pol versusV pol at low incidenceangleswith a reversalat high
incidenceangles.As before,therearefewer azimuthobserva-
tions for Escatthanfor NSCAT V pol, althoughtheEscatdata
in Fig. 6 clearlyindicateasymmetryin themodulation.

Simulationssuggestthattheaccuracy of theFourierseriesco-
efficientsis affectedby theazimuthsampling,with largererrors
whentheobservationsdo not spanthe full 360� range.In par-
ticular, inadequatesamplingaffectsthe locationof theazimuth
modulationminimum,denotedby ψ0. Simulationssuggestthat
the azimuthsamplingof both NSCAT H pol and Escatmea-
surementsis inadequatefor accuratelyestimatingbothazimuth
modulationtermssimultaneouslyoverall areas.As aresult,the
primary analysisin the remainderof the paperis doneusing
NSCAT V pol observations,with limited comparisonsto Escat
data.Theazimuthsamplingdeficiency of Escatdatais seenas
a key limitation in previous studies[14], [28] of the azimuth
modulation. Both previous studiesassumeda simpleperiodic
functioncharacterizedby asingletermcos � 2φi  constant� , and
this preventscharacterizationof theasymmetryof themodula-
tion pattern.

C. Azimuth Modulation Modeling

It is clearfrom theanalysispresentedin theprevioussection
that both first and secondharmonictermsare requiredto de-
scribetheazimuthdependenceof σo atagivenincidenceangle.
To accountfor thevariationin bothincidenceangleandazimuth
angle,a simpleempiricalmodelis developed.Borrowing from
oceanscatteringtheory, a simplesecondorderharmonicmodel
is assumedfor thevariationin σo (in dB) with azimuthandin-
cidenceangles,i.e.,

σo � θ a φi �b�c!d�e" � θ  40� �f� M1 cos� φi � φ1 �f� M2 cos� 2φi � φ2 �
(3)

where! and " aredefinedasbefore;M1 andM2 arethemag-
nitudesof the first-orderandsecond-orderazimuthanglehar-
monicterms,respectively; φ1 andφ2 arethephaseanglesof the
first-orderandsecond-orderazimuthangleharmonicterms,re-
spectively; andφi is the observation azimuthanglerelative to
north(seeFig. 2).

As suggestedby theplotsin Fig. 8 andin similarplotsfor the
otherstudyareas,M1 andM2 varywith incidenceangle.Noting
that the dependenceof the azimuthmodulationdepthin dB is
oftennearlylinearwith incidenceangle,a verysimplemodelis
adoptedfor the dependenceof M1 andM2 on incidenceangle
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TABLE II

FOURIER SERIES FIT COEFFICIENTS FOR NSCAT DATA AT VARIOUS INCIDENCE ANGLES FOR STUDY AREA 5. IN THIS TABLE, Mi �eg I2
i h Q2

i ,

φi � tani 1 Qi j Ii . ANGLES ARE IN DEG.

V Pol
Incidence Coefficient

Angle I0 I1 Q1 M1 φ1 I2 Q2 M2 φ2 ψ0

20� -6.6 0.605 -0.734 0.951 -50.6 1.375 1.006 1.704 36.2 111
30� -8.3 0.617 -0.841 1.043 -53.7 0.997 0.795 1.275 38.5 112
40� -10.3 0.720 -0.624 0.953 -40.9 0.738 0.407 0.843 28.9 112
50� -11.9 0.068 -0.351 0.358 -79.1 0.686 0.263 0.734 21.1 100

H Pol
20� -7.2 1.449 -0.634 1.581 -23.6 0.504 -0.294 0.584 30.3 112
30� -9.0 0.548 -0.786 0.958 -55.1 0.599 0.636 0.873 46.7 116
40� -10.8 0.281 -0.679 0.735 -67.5 0.804 0.099 0.810 7.0 97
50� -12.4 -0.755 -0.591 0.959 141.9 1.545 0.571 1.647 20.0 93

i.e.,

M1 � c1 � d1
� θ  40� � (4)

M2 � c2 � d2
� θ  40� �k% (5)

Normalizingthe incidenceangleto 40� in Eqs. (3)-(5) is done
primarily for convenience.

TABLE III

COEFFICIENTS OF THE AZIMUTH MODULATION MODELS FOR V POL

NSCAT DATA IN STUDY AREA 5.

Coefficient I Model F Model! -10.3 -10.1" -0.198 -0.212
c1 0.713 0.702
d1 -0.014 —
φ1 -46.6 -49.0
c2 1.018 0.950
d2 0.045 —
φ2 35.1 31.3
ψ0 107 112

The simple model for σo � θ a φi � describedby Eqs. (3)-(5)
will be termed‘I model’ hereafter. Least-squaresestimationis
usedto simultaneouslyestimatethe I model parametersfrom
the NSCAT V-pol measurements.The valuesof the I model
parameters( ! , " , c1, d1, φ1, c2, d2, andφ2) for studyarea5
aretabulatedin Tab. III. The azimuthanglecorrespondingto
theminimumazimuthmodulationis denotedby ψ0 andis also
listedin this table.

Unfortunately, aspreviouslynotedtheazimuth/incidencean-
gle samplingvaries with location. This can lead to an ill-
conditionedleast-squaresestimationproblemin somelocations.
Under suchcircumstances,reasonableestimatesof the model
parameterscan often be obtainedby separatelyestimating !
and " , ignoring the azimuthangledependence.Then, the σo

measurementsare‘corrected’by the estimated! and " val-
ues.Ignoring " , theremainingmodelparametersareestimated
by ignoringtheincidenceanglevariationin M1 andM2 (i.e.,set-
ting d1 andd2 to zero). This modelformulationwill betermed

the ‘F model’. The coefficientsof the variousmodelformula-
tionsarecomparedin Tab. III. We notethatwhile theF model
is suboptimalcomparedto theI modelformulation,asdiscussed
below it is usefulin evaluatingkey characteristicsof theazimuth
modulation.
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Fig.9. Contourplotsof σo | θ } φi ~ computedfrom theazimuthmodulationmodel
parametersestimatedfrom V pol NSCAT datafor studyareasa)5,b) 9,c) 8,
andd) 11. For theseareasψ0 is just to theright of the100+ azimuthangle.

To visualizethebehavior of σo � θ a φi � atKu-bandV pol,aplot
of the I modelpredictedσo � θ a φi � is shown in Fig. 9 for study
areas5, 8, 9, and11. We notea generallysimilar behavior in
all of thestudyregionswith ridgepeaksandtroughs.At agiven
incidenceangle,σo exhibitsa peakat5� to 25� anda minimum
(ψ0) at100� to 120� , dependingon thearea.Area5 exhibits the
smallestincidenceangledependence.

Overtheocean,aplot of σo � θ a φi � whereφi is thedirectionof
theradarilluminationexhibits thesamegeneralbehavior asthe
plots in Fig. 9. For oceanwind applicationsσo � θ a φi � is wind
speeddependentandis known asthe‘geophysicalmodelfunc-
tion’ (see,for example,[25]). A similar behavior is observed
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in radiometerdata[40]. Over theocean,thehighestridgepeak
in σo � θ a φi � correspondsto theup-winddirection,theotherpeak
correspondsto thedown-winddirection,andthetroughscorre-
spondto the cross-winddirection. Sinceon the ice sheetsthe
sastrugiarealignedapproximatelyin thewind direction(rather
thanorthogonallikeoceanwaves),troughsin thesurfacerough-
nessarealignedin the up- anddown-wind directionsand the
peaksto thecross-winddirection. For ice, theminimumof the
backscatterversusazimuthdirection generallycorrespondsto
the wind direction, i.e. ψ0 andφr generallycorrespond,with
somemodificationdueto incidenceangleeffects.Sincethelo-
cal topographicslopeandkm-scalesnow dunesmodify the lo-
cal incidenceangle,theasymmetryin themodulatedbackscat-
ter resultsfrom looking in theupslopeanddownslopedirection.
Thus, it is possibleto unambiguouslyinfer the wind direction
from theσo measurements.

We note that over the oceanσo � θ a φi � is independentof lo-
cation if φi is replacedby the relative azimuthanglebetween
theradarillumination angleandthewind direction. Giventwo
or moreazimuthobservationsof σo, it is then possibleto re-
trieve the near-surfacewind vector(e.g.,[25]). Unfortunately,
theAntarcticsurfacehasvariablecomposition,with spatialvari-
ationsin firn density, layering,andothereffects.Thus,σo � θ a φi �
can be expectedto be differentat different locations,making
an ocean-like wind vector (both speedanddirection) retrieval
schemedifficult. Nevertheless,it is possibleto infer the aver-
agewind directionatagivenpointon thesurfaceif theazimuth
samplingis adequateenoughto correctlyidentify thelocationof
themaximumor minimumvaluein theσo versusazimuthangle
curve.

A careful examinationof the observed variation in σo at a
given incidenceanglefor all the study regionsshows that the
peaksin the azimuthmodulationtend to be somewhat more
peakedthanpredictedby thesecond-orderFourierseries.This
phenomenahasbeenobserved in oceanscatteringwhere the
peaksin themodulationaresomewhatnarrowerthanthetroughs
[17]. While the inclusionof additionaltermsin theFourierse-
riescanreducetheresidualfit error, they offer only limited in-
sight into thewind directionestimationproblem.They arealso
lesstenabledueto thelimited azimuthsampling.

D. Azimuth Modulation Observation

In orderto evaluatethedependenceof σo on thewind direc-
tion, a detailedknowledgeof the incidenceanglevariationof
M1 andM2 is not required.Instead,for wind directionestima-
tion the primary interestis in the locationof the up-wind, up-
slopepeakin theazimuthmodulation;knowledgeof thedepth
of the modulationis not required. This enablesuseof the F
modelratherthanthefull I model. Giventheparametersof ei-
thermodel,theangleψ0 correspondingto theazimuthangleof
theminimumvalueof σo canbecomputedfrom M1 andM2. We
notethat thevalueof ψ0 estimatedfrom theF modelis within
approximately5 degreesof thatcomputedfrom thefull I model
(seeTab. III), andthuswe infer anapproximatedirectionalpre-
cisionof ( 5 deg in retrieveddirectionof themaximumazimuth
modulationfor NSCAT V pol.

UsingNSCAT data,theazimuthmodulationcanbeevaluated
overvirtually theentireAntarcticcontinent.To aidin thisevalu-

ation,thefollowing algorithmfor evaluatingazimuthvariations
(or, modulation)at eachpixel in the SIR imageryis used. To
computethemodelparameters,theSIRFalgorithmis first used
to compute! and " imagesfrom theσo measurements[24],
[30]. A polarstereographicprojectionis used(seeFig. 3) with
a nominal pixel resolutionof 4.45 km. The effective resolu-
tion is approximately8-10km. Then,for eachσo measurement,
the forwardprojection[24] is computedfrom the images.The
projectionerroris thedifferencebetweentheforwardprojection
andthemeasurement.Ideally, theprojectionerroris zerobut az-
imuthmodulationandnoiseresultin non-zeroprojectionerrors.
Any temporalvariationof thesurfacebackscatterresponseover
the datacollection interval also contributesto a non-zerofor-
wardprojection.TheF modelparametersc1, c2, φ1, andφ2 (and
aresidualconstanttermaddedto ! ) areestimatedfor eachpixel
in theenhancedresolutionimagefrom theprojectionerrors.For
eachpixel, theprojectionerrorsof eachof theσo measurements
which cover thepixel areaccumulatedandusedto estimatethe
modelparametersvia least-squares.To reducethe noiselevel
in theNSCAT estimates,a 3 � 3 edge-preservingmedianfilter
is appliedto thesineandcosinecomponentimagesprior to es-
timation of the magnitudeandphaseimages.From the values
of c1, c2, φ1, andφ2, ψ0 is computed.It shouldbe notedthat
NSCAT measurementsdonotcover theareadirectlyaroundthe
southpoleandhave reducedaccuracy in estimating" nearthe
southernmostcoveragelimits. A similar algorithmis appliedto
EscatdatausingSIR-producedimages,thoughthemedianfilter-
ing stepis not applied.However, the limited azimuthsampling
of Escatresultsin lessaccuratemodelparameterestimates.

A metric for evaluationof the accuracy of the model is the
variance(or, equivalently, thestandarddeviation)of theresidual
projectionerrorwhentheazimuthmodulationis disregardedor
alternatively takeninto account.An NSCAT imageof thestan-
darddeviationof theprojectionerrorfor eachpixelwhentheaz-
imuthmodulationis not takeninto accountis shown in Fig.10a.
This error resultsfrom using only the ! and " coefficients
andhasastandarddeviationwhichvariesfrom 0 to 2.5dB. The
largestvaluestendto occurin EastAntarcticawherestrongaz-
imuthalmodulationsoccurasa resultof directionalanisotropy
in thebackscatter. Errorstandarddeviationsexceeding2 dB are
notedin GeorgeV Land,over largepartsof WilkesLand,and
in PrincessElizabethLand and Wilhelm II Land. The resid-
ual error after taking azimuthmodulationinto accountis the
differencebetweentheobservationsandtheforwardprojection
plus the predictedazimuthmodulation. Figure10b shows the
standarddeviation of this residualerror, which is significantly
reducedcomparedto the projectionerror. Visible in both the
projectionandresidualstandarddeviation imagesareregional
featuresassociatedwith theazimuthmodulation(anddiscussed
below), suggestingthat theestimatedmodelparametersdo not
completelyexplain theazimuthmodulationof thedata.At least
part of the explanationis due to the fact that, as previously
noted,the σo versusazimuthanglemodulationexhibits some-
whatsharperpeaksthanthesimplesecond-orderFourierseries
modelis capableof representing.An additionalexplanationis
dueto thenon-optimalF modelwhich doesnot includethe in-
cidenceangledependenceof theazimuthmodulation.However
aspreviously noted,samplinglimitationsprohibit computation
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Fig. 10. NSCAT imagesfrom six days(JD 277-282,1996)NSCAT V pol σo

measurements:a) projectionerror standarddeviation imageprior to az-
imuthmodulationremoval, b) projectionstandarddeviation imageafteraz-
imuthmodulationestimation,c) magnitude(M1) of theestimatedfirst-order
azimuthmodulationharmonicterm, d) magnitude(M2) of the estimated
second-orderazimuthmodulationharmonicterm, e) phaseangle(φ1) of
theestimatedfirst-orderazimuthmodulationharmonicterm,f) phaseangle
(φ2) of theestimatedsecond-orderazimuthmodulationharmonicterm. To
producethisfigure,the4.45km pixel resolutionhasbeenaverageddown to
8.9km resolutionto reducetheimagesizeandmatchtheEscatimagepixel
resolution.

of the I modelparametersat all locations.We must,therefore,
settlefor anapproximateresult.

Ratherthanusingenhancedresolutionimages,griddeddata
canbesimilarly usedto computetheparametersof theI model
at lower resolutionby accumulatingall themeasurementsover
eachgrid elementandusingleastsquarestoestimatetheI model
parametersfor thegrid element.While not shown here,thedi-
rectionresultsareconsistentwith thehigherresolutionF model
imagespresentedbelow. Unfortunately, theaccuracy andqual-
ity of theestimatedI modelparametersalsosuffer from thelim-
itedazimuthandincidenceanglespreadof theσo measurements
in somegrid elements.Theresultingestimateerrorcanbelarge
dueto thissamplinglimitation. Griddedresultsthusexhibit con-
siderablymorenoise,andasaresulthavelowersubjectivequal-
ity thanresultspresentedbelow. The following resultsinclude
noisefiltering in theSIRFalgorithmandreducedsensitivity to
incidenceanglesamplingvia useof theserial,non-optimumes-
timation procedureusedfor the F model. Noting the general
consistency of theI andF modeldirections,weusetheF model
approachasa tool to evaluatetheazimuthvariationsin thesur-
faceresponse.Althoughnon-optimal,thisapproachcanbeused
for monitoringseasonalvariationsin theazimuthresponse.

Figure 10 presentsNSCAT-derived F model imagesof M1,
M2, φ1, andφ2. Thoughhaving significantlylowereffectiveres-
olution, more limited spatialcoverage,and reducedaccuracy,
Escat-derived F model imagesare presentedin Fig. 11. Fig-
ures10 and11, togetherwith the ! and " imagesshown in
Fig. 3, revealsignificantvariationsin thebackscatterassociated
with snow accumulationratesand local variationsin topogra-
phy. ExaminingtheNSCAT imageswe notethattheregionsof
smallersurfaceslopesin centralAntarcticaexhibit a very high
valueof ! but that toward thecoasts,thevaluefalls off fairly
rapidly. The higher " valuesin centralAntarcticaalso indi-
cateaflatterσo versusincidenceangleresponse,suggestingthat
thescatteringis dominatedby subsurfacevolumescattering.In

Fig.11. Escatimagesfrom six days(JD277-282,1996)of σo measurements:a)
projectionstandarddeviation imageprior to azimuthmodulationremoval,
b) projectionstandarddeviation imageafter azimuthmodulationestima-
tion, c) magnitude(M1) of the estimatedfirst-orderazimuthmodulation
harmonicterm,d) magnitude(M2) of theestimatedsecond-orderazimuth
modulationharmonicterm,e) phaseangle(φ1) of theestimatedfirst-order
azimuthmodulationharmonicterm, f) phaseangle(φ2) of the estimated
second-orderazimuthmodulationharmonicterm. The pixel resolutionis
8.9km.

regionsdominatedby strongkatabaticwind flow the azimuth
modulationimagesgenerallyexhibit largemagnitudes,coupled
with low " values.This indicatesbackscatteringis dominated
by surfaceroughnessin theseregions.

Theazimuthangleharmonicmagnitudeimages(Fig. 10cand
Fig. 10d),show significantcoherentspatialvariationsin theaz-
imuth modulationof σo. Interestinglyin the NSCAT images,
the crestsof the ice divides, separatingthe major wind and
ice sheetdrainagebasins,display the smalleststandarddevia-
tionsbothbeforeandafterazimuthmodulationremoval. This,
coupledwith the extremelylow magnitudevaluesof the first-
andsecond-orderharmonicterms,is evidencefor virtually no
azimuthdependence.Similarly, thesecorrespondwith inflec-
tion lines in the ! and " images,implying divides in the
accumulationpatternsandsnow layeringasa consequenceof
thetopographically-influencedwind regime.Thesecoupledob-
servationsimply lighter windsandlack of directionalityin the
wind direction(in theselocations)with muchsmoothericesheet
surfaceswith negligible alignedroughnessandmoreisotropic
backscatter. Such locations,for instance,demonstrateexcel-
lentcalibrationtargetattributes(providedthey exhibit negligible
seasonalvariability).

We note that the secondorder harmonic term (Fig. 10d)
is generally larger than the first harmonic term (Fig. 10c),
particularly in the coastalregions of Wilkes Land (90-130E),
PrincessElizabethLand (70-90E),and Terre Adelie (135E).
Thesecoastalregionshaverelativelysteepslopesandareknown
to havestrongerfocusedkatabaticwinds(funneledasthey flow
outward from the interior regionsof Antarctica)coupledwith
significantmicrorelief [12], [31]. Theseregions, not surpris-
ingly, show thelargestmagnitudemodulationsin bothfirst and
second-orderterms.We alsonoteregionsof significantsecond-
orderazimuthmodulationin smallareasalongtheTransantarc-
tic mountainsand in westernAntarctica as well as in other
coastalregions.

Theazimuthmodulationphase(direction)images(Figs.10e,f)
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aremostrevealing.Theinflectionlinespreviouslynotedin other
imagesareseentodelineatelargespatiallycoherentregionswith
similar azimuthmodulationanglephaseterms. This effect is
moststronglynotedin thesecondorderphaseterm,thoughin-
terestingfeaturesappearin the first orderphaseterm aswell.
Thesephasetermsappearto correlatewell with thedirectionof
thekatabaticwind flow modeledin previousstudies[26], [27].

E. Comparison with Topographic Slope

Downslopeice-sheetsurfacewinds arestronglydirectedby
the large scale topography. In this sectionwe comparethe
NSCAT-derivedscatteringmodelparameterswith Antarctic to-
pography. Thecomparisontopographymapis derivedfrom an
Antarctic digital elevation map(DEM) generatedfrom ERS-1
altimeterdataby Bamber[2]. SinceERS-1altimetercoverage
is limited to latitudesnorthof  80� , theTOPO5databaseisused
to fill in themissinginformation,with anaccompanying lossof
accuracy andresolutionwhereused.

Fig. 12. a) Magnitudeof local slopederived from the topographymap. The
circle surroundingthe poleandcross-hatchingareartifactsresultingfrom
the topographymap. c) Directionof the local slope(φs) derived from the
topographymap.b) Escat-derivedmapof ψ0, thedirectionrelative to north
of the peakazimuthmodulation(F model), from the imagesin Fig. 11,
d) NSCAT-derived mapof ψ0, the directionrelative to north of the peak
azimuthmodulation(F model),from theimagesin Fig. 11.

Themagnitudeanddirectionof the local slopederivedfrom
theDEM is shown in theupperpanelsof Fig. 12. Fromtheto-
pographichigh in east-centralAntarctica,the slopefalls away
to the seain a numberof large, well-defineddrainagebasins.
Both large- andmedium-scaleroughnessvariationsareappar-
entin thelocalslopemagnitudeanddirection.Meanlarge-scale
slopesidentify flat interiorregionsof theicesheetsuchasDome
Argus(81S8OE)andDomeC (74.5S123E),andthesteeppe-
ripherieswhich endin flat fringesrepresentingthefloating ice
shelves. Medium-scaletexturein theslopemaphighlightssur-
faceundulationsresultingfrom bedrocktopographybeneaththe
icesheet.

The minimum azimuthmodulationdirection(ψ0) is derived
from the estimatedF model parameters(in Figs. 10 and 11)
for eachpixel and is shown for NSCAT and Escatimagesin

4
�

5°

0
�

°

4
�

5°

6
�

5°

9
�

0°

135°

180°

135°

6
�

5°

8
�

0°

75°

9
�

0°

70°

8
�

0°

7
�

0°

7
�

0°

6
�

5°

Fig. 13. Streamlinesof the direction (ψ0) of the peakazimuthmodulation
derivedfrom NSCAT data.

45°

0
�

°

4
�

5°

6
�

5°

9
�

0°

135°

180°

135°

6
�

5°

8
�

0°

75°

9
�

0°

70°

8
�

0°

70°

70°

6
�

5°

Fig. 14. Streamlinesof the direction (ψ0) of the peakazimuthmodulation
derivedfrom Escatdata.

Fig. 12. A grayscalewaschosento emphasizethedirectional-
ity in ψ0. Largeareasof spatialconsistency in thepeakdirec-
tion areobservedwith correlationto featuresof thetopography.
It shouldbe notedthat occasionallythe derived peakmodula-
tion directionis reverseddueto noise,themagnitudeof theup-
wind/down-wind ratio, and/orthe limited azimuthsof themea-
surements.Thus, occasionalpixels with directionalreversals
relative to nearbypixelsareobserved. Furthermore,wherethe
slopemagnitudeis smallor theslopedirectionis highly variable
the surfacewind flow is not well definedanda lack of persis-
tenceis observedin thewind directionin suchregions[26]. This
factorpresumablypreventsformationof coherentstructuresin
the small-scalesurfaceroughnessandthuspermit larger peak
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azimuthmodulationdifferences.
Streamlineplotsof themodel-estimatedψ0 for NSCAT data

is shown in Fig. 13 and, for comparison,for Escatdata in
Fig. 14. Theseplots exhibit a generalconsistency with the di-
rectionof the surfacewind flow in previousstudies,e.g. [27].
For example, in south QueenMaud Land (0-45E 75S) and
TerreAdelie(135E70S),thestreamlinescloselyfollow thepre-
dicted katabaticwind directions. Further, previous measure-
mentsmadealongtwo Ellsworth Land(90W 75S)traversesby
[36], suggestsastrugialignmentssimilarto thedirectionsshown
in Fig. 13.

A notabledifferenceis observedbetweentheNSCAT andEs-
catstreamlineson theHollick-KenyonPlateau(in WestAntarc-
tica90W80S)wheretheNSCAT streamlinesturnclockwiseand
theEscatstreamlinescontinuenorth.In this region,theNSCAT
datashowsreducedazimuthmodulation,primarilyat lowerinci-
denceangles,andtheminimumis notaswell definedasin other
areas.However, the NSCAT dataappearto resolve directions
whichfollow theperimeterof theplateauto turndownwardonto
theRossiceshelf.TheEscatdatasuggestsasmallsecond-order
modulation;however, the azimuthsamplingis limited andthe
resultingF modelfit poorly locatesthe minimum, causingthe
flowlinesto follow thedownslopedirection,ratherthanturning
to theleft of thefall line.

V. DISCUSSION

Antarctic anisotropicreturnssuggestat least two possible
mechanismsfor azimuthmodulation. The first is due to the
changein local incidenceangleat differentazimuthanglesbe-
causeof the slopeof large dunesor undulationscoupledwith
large-scalesurfacetopography. Thisis postulatedto causeafirst
ordermodulation. It is possible,however, that the microrelief
suchassastrugion thesurfaceof the largerdunes(but aligned
in thewind directionratherthanorthogonalto thewind) account
for second-orderharmonics.If this is thecase,theresultingre-
turnedsignalwould bea combinationof first andsecondorder
harmonics,causedby the sastrugibeingseenat differentlocal
incidenceanglesonthesurfaceof thelocal topographyandkm-
scalesnow dunes.We conjecturethatthemagnitudeof thefirst
harmonicmodulationshouldbe greatestin regionswherethe
km-scaleandlarge-scaletopographycoupleto causethelargest
effect on thelocal incidenceangle.This appearsto bethecase
in Fig. 10ein regionsof relatively constantφ1.

While snow andfirn scatteringmodelsarewell-advanced,the
presenceof sastrugihasnot beenmodeled.Furthermore,emis-
sionmodelsincorporatingsastrugisurfaceroughnessareneeded
to accountfor thesignificantmodulationsto brightnesstemper-
aturesobservedin thecoastalregionsof EastAntarctica.It may
bepossibleto adaptideasfrom thetwo-scalemodelingof ocean
waves. Scatteringmodelsarewell-known for oceanwavesand
recentlyYueh[42] hasdevelopeda two-scaleemissionmodel.
It may be possibleto modelsastrugiin a similar way. Using
suchmodels,microwave datacanbeusedto infer geophysical
parametersof thesurface(see[23]). Further, theaccuracy of the
wind directionestimatescouldbeimproved.

While it is possibleto draw a numberof importantconclu-
sions,therearea numberof limitationsof this study. Thepri-
mary limitation, onealreadynoted,is the limited rangeof az-

imuth angleobservationsfrom thesensors.This is a particular
problemfor passive SSM/I data. As noted,the discretenature
of theazimuthsamplingfor bothNSCAT andEscatarisesfrom
the fact that the multiple antennas,at variousazimuthangles,
areusedto makemeasurements.Errorsin thecalibrationof the
individual antennascould introduceand/ormodify anapparent
azimuthmodulationof σo. Although somepotentialproblems
with attitudecontrolhave beennoted,NSCAT calibrationis re-
portedto be within a few tenthsof a dB, including interbeam
variations[39]. Escatcalibrationis similarly accurate[22].

We notethatthescatterometeris not regardedby theauthors
asareplacementtoanemometersonicesheets.Previousauthors
[31], [32] reportqualitativerelationshipsbetweentheamplitude
of theazimuthmodulationandthereportedstrengthof thesur-
facewinds,althoughtheprecisephysicalreasoningis uncertain.
Similar qualitative relationshipsmight be inferredbetweenthe
fittedvalueof M2 andthewind speedin Fig. 10d.Meansurface
wind speedsareknown to rangefrom ' 2 m/s to over 20 m/s
dependingon terrainslope,with the latterupperlimit common
in locationssuchasCapeDenison(67S143E),and the Terra
Nova Bay (75S164E) area,whereconverging alignmentsare
indicatedakinto theconvergentmodeledkatabaticflow stream-
lines in theseregions. Although surfaceanisotropy connected
with thesurfacewind directionis observed, it is presentlydif-
ficult to do morethanqualitatively sensethe magnitudeof the
wind velocity.

VI . CONCLUSION

For sometime,usersof radarandradiometerdatahavemade
assumptionsregardingthetransparency or relatively high trans-
missivity of dry snow surfacesat microwave frequencies.Con-
sequently, air-snow interfaceroughnesshasbeenconsideredto
impart only a limited regional impact on the observed signa-
tures. Many electromagneticmodelsindicatesnow roughness
asplayingonly a minor role in driving variability in thesigna-
tures,andsomeneglectinterfaceroughnessby assumingplanar
layerswithout any beddingstructure. In this paper, we have
revealedin greaterdetail the impact which anisotropicscat-
tering and aligned roughnesselementsmay have on satellite
microwave observations. TheseAntarctic observationsclearly
demonstratethat modelsof azimuthalvariationsin microwave
datashouldaccountfor first- and second-ordereffects mani-
festedasazimuthaldependenciesin SSM/I, Escat,SASS,and
NSCAT data.Furtherstudiesarerequiredto addresstheprecise
mechanismswhich drive the observed signatures.While it is
clearthatthewindcausesroughnessin thebeddingstructureand
annuallayeringof accumulatedandwind-redistributedsnow, it
is not clear why alignmentsought to be coherentwith depth,
thoughcoherentinternal reflectionsmay play a role. Instru-
mentsrecordingmicrowavebackscatterat differentfrequencies
shouldbeexploited,therefore,to discriminatebetweenphysical
propertiesof thesnow andfirn at varyingdepthsandto address
openquestionsregardingthe links betweenthefirn layerchar-
acteristics,wind-inducedbeddingstructures,andthethermody-
namicprocesseslinking thesephysicalattributesto the atmo-
sphericconditionson theicesheet.

Problemsexist in fitting simple,single-termmodelsto obser-
vationsmadeby eachof theinstrumentsdueto thelimited num-
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berof measurementsmadeatdiscreteazimuthanglesin agiven
region of interest. The outcomeis that the slope-dependency
of azimuthalmodulationsis not clearlyexpressedin any of the
previousresultsdocumentingefforts to fit simplesecond-order
modelsto the observations[28], [14]. Our resultsindicate,in
particular, thatthelocal-incidenceanglehasaclearimpactupon
themagnitudeof theazimuthalmodulation.Regionswith large
slopesand strongexpressionof meter-scaleroughnessgener-
atethelargestazimuthalmodulationin thedata.Theimportant
additionaleffect, however, is the lack of symmetryin the az-
imuthal modulations,which indicatesa further effect in areas
wherekm-scaleundulationstilt thesurfaceawayfrom themean
slopedirectionindicatedby currentdigital terrainmodels.This
study, effectivelydemonstratesthatbothof theseimportantfirst-
andsecond-orderazimuthaltermsmustbecorrectlytaken into
accountif theresultsareto characterizetheinterdependency be-
tweenslopeandsmall-scaleroughnessdriving theobservedaz-
imuth modulations.Futureintercomparisonswith RADARSAT
SARdata(acquiredduringtheAntarcticMappingMission)will
helpin understandingthemorphologicstructuresinfluencingthe
scatterometerdata.

NSCAT hasproved its uniquecapability for extracting in-
formationon polar ice characteristicsand it is clear that scat-
terometryhasanextremelyimportantrole to play in the study
of the cryosphere[20]. In particular, the combinationof scat-
terometrywith SSM/I providesa complementarydatasetwith
comparableresolutionandcontrastingimagecontent. The re-
cent launchof SeaWinds on QuikScat(in May 1999)and the
plannedlaunchof SeaWindsonADEOS-II (in 2000)will extend
the existing Ku-banddataset obtainedby SASSand NSCAT
and strengthenour capabilitiesfor characterizingpolar snow
and ice-sheetsurfacecharacteristics.With the launchof Sea-
Winds,Ku-bandscatterometerdataof unprecedentedcoverage
and quality is being madeavailable. Unlike NSCAT and Es-
cat, SeaWinds is a conically-scanningpencil beamscatterom-
eterwhich makesmeasurementsat two incidenceangles(42�
and54� ) over a 1600km-wideswath,andwith a muchhigher
spatialmeasurementdensitythanNSCAT. As a result,it will be
possibleto produceimagesof evenhigherresolution,with im-
provedazimuthaldiversityresultingfrom theconicalscan.Sea-
Windsmeasurements,therefore,hold thepromiseof long-term
observationsof theazimuthmodulationof Ku-bandbackscatter
to supportstudiesof the long-termvariability in surfacewind
patternsin responseto globalchange.
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